Genetic predisposition increases the risk of familial breast cancer. Recent studies indicate that genetic predisposition for familial breast cancer can be ethnic-specific. However, current knowledge of genetic predisposition for the disease is predominantly derived from Western populations. Using this existing information as the sole reference to judge the predisposition in non-Western populations is not adequate and can potentially lead to misdiagnosis. Efforts are required to collect genetic predisposition from non-Western populations. The Egyptian population has high genetic variations in reflecting its divergent ethnic origins, and incident rate of familial breast cancer in Egypt is also higher than the rate in many other populations. Using whole exome sequencing, we investigated genetic predisposition in five Egyptian familial breast cancer families. No pathogenic variants in BRCA1, BRCA2 and other classical breast cancer-predisposition genes were present in these five families. Comparison of the genetic variants with those in Caucasian familial breast cancer showed that variants in the Egyptian families were more variable and heterogeneous than the variants in Caucasian families. Multiple damaging variants in genes of different functional categories were identified either in a single family or shared between families. Our study demonstrates that genetic predisposition in Egyptian breast cancer families may differ from those in other disease populations, and supports a comprehensive screening of local disease families to determine the genetic predisposition in Egyptian familial breast cancer.
Introduction
Familial breast cancer is a hereditary disease and genetic predispositions play major roles in increasing the risk of the disease in the carriers. Genetic predispositions for approximately half of familial breast cancers have been determined, and studies are actively going on to determine a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 the unknown genetic predispositions for the remaining cases [1] [2] [3] . Recent studies demonstrate that genetic predispositions for familial breast cancer can be ethnic-specific, as well exemplified by the different spectrum of germline mutation in BRCA1 and BRCA2 between different ethnic populations [4] [5] [6] [7] [8] [9] [10] . Knowledge of ethnic-specific genetic predispositions for familial breast cancer is important, as it directly affects the accuracy of clinical diagnosis and intervention in patients of different ethnicities. However, current predisposition information is predominantly derived from Western populations. Using the information as the sole reference is not adequate and can potentially lead to misdiagnosis for the patients of non-Western ethnicities, which constitute the majority of human populations.
Egypt population has high-degree of genetic diversity due to its complex and diverse ethnic origins. The population has substantial variations from other populations including its proximal Ethiopia population and distal Yoruba population within African continent [11] . Breast cancer is the most common cancer in Egyptian females with unique characters. While its incidence rate of 45.4 per 100,000 is moderate comparing to other ethnic populations [12] , it has high-degree family history of breast cancer, possibly related to high rate of consanguineous marriage in the population [13] , and it has high-degree of inflammatory breast cancer [14] . Efforts have been made to study genetic predisposition for Egyptian familial breast cancer, mostly focused on BRCA1 and BRCA2 [15] , but comprehensive data at genomic level from local patients are lacking.
We used Egyptian familial breast cancer as a model to investigate ethnic-specific genetic predisposition in familial breast cancer. In the study, we applied exome sequencing to analyze genomic variations across all coding genes in five Egyptian breast cancer families. Our study revealed that these disease families have high genetic variability, and they do not contain currently known predispositions for the disease but carry Egyptian-specific genetic variants, some of which may represent Egyptian-specific predispositions. The study supports the concept of ethnic-specific predispositions in familial breast cancer.
Methods

Breast cancer families used in the study
The Institutional Review Board of University of Nebraska Medical Center approved the study (049-14-EP). All participants provided verbal informed consent that was read by a study nurse with another nurse or a relative witnessing the delivery of the consent. Written consent was not obtained because of the high illiteracy rate among women in the study population in Egypt. Signatures of the nurse/relative witnessing the interviews were obtained. The local IRB committee in Egypt approved this consent procedure. Five Egyptian breast cancer families from Gharbiah district, Egypt, participated in the study. The families were identified from the Gharbiah Cancer Registry, Egypt. Each participant was interviewed by local oncologists and answered the questions in a standard questionnaire. Venous blood was collected from each participant during the interview process.
Exome sequencing
DNA was extracted from blood cells using a FlexiGene DNA kit (Qiagen, Valencia, USA). Exome sequences were collected according to previously described procedures [15] . Briefly, genomic DNA was fragmented using a Covaris II system (Covaris, Woburn, MA, USA). Exon templates were isolated using the TruSeq Exome Enrichment Kit (Illumina, San Diego, CA, USA) and exome sequences were collected in a HiSeq2500 sequencer (paired-end 2×150) at 100x coverage. The total variants called from the exome data from this study have been deposited in DRYAD Digital Repository with accession ID: doi:10.5061/dryad.p236p.
Variant identification
Three controls were used in the study, including 1) the human variation databases of dbSNP, 1000 Genomes and ESP6500 were used to filter out population polymorphism; 2) the Egyptian genome variation data were used to filter out Egyptian-specific normal polymorphism; 3) the variants from 27 Caucasian familial breast cancer probands were used to compare the genomic variation in familial breast cancer families between the two ethnic populations.
Exome sequences were mapped to the human reference genome sequences hg19 [16] using the Burrows-Wheeler Aligner [17] and pre-processed with Picard Toolkit [18] . Variants were called using Freebayes [19] , and filtered with a minimum read depth of 10, a minimum of four reads mapped to the location and a minimum of four reads on opposite strands, and a minimum base quality score of 30. Qualified variants were annotated with ANNOVAR [20] against the following reference databases: RefSeq (February 4, 2016), 1000 Genomes (August 2015), NHLBI Exome Sequencing Project (ESP6500) version 2, dbSNP Build 144, and ClinVar (May 5, 2016). Variants causing codon changes were identified, and further filtered by 1000 Genomes with a minor allele frequency (MAF) < = 1%. The remaining variants were further filtered through Egypt population polymorphism data. The Egyptian variant dataset containing 1,422 Egyptian-specific variants was derived from whole genome sequences of 25 Egyptian individuals. Each was sequenced by Ion Torrent technology with base quality score (50+) at average depth of 20X. Variants were called by using the Torrent Suite software following manufacturer's instruction and the variants present in other ethnic populations at the frequency > 0.01 were eliminated [21] . Annotation was made by using ANNOVAR and inhouse programs. Damaging variants were predicted using SIFT [22, score < 0.05] and PolyPhen2 [23, score > 0.909]. Only variants shared by at least two breast cancer-affected members in the same family were included in the final list of damaging variants. Pathways affected by variant-affected genes were identified by searching in the Reactome pathway database (version 57) [24] .
Results
Breast cancer families used in the study
We analyzed five Egyptian breast cancer families (Fig 1, Table 1 ). Familial breast cancer was diagnosed using the inclusion criteria of at least one first-degree relative with breast cancer irrespective of age. In Family 1, three of the four sisters were affected by cancer, of whom two were breast cancer; in Family 2, both sisters and one daughter were affected by breast cancer; in Family 3, two sisters and one cousin were affected by breast cancer; in Family 4, grandmother, grandmother's brother, mother and a daughter were affected by cancer, of whom mother and daughter had breast cancer; in Family 5, two sisters were affected by breast cancer. Of the 12 breast cancer-affected cases in the five families, eight were diagnosed at an age of younger than or at 50 years old. Based on the availability of DNA samples, 10 breast canceraffected and seven breast cancer-unaffected family members were included for exome sequencing.
Variants in BRCA1, BRCA2 and other known breast cancer predisposition genes A total of 938,606 unique variants were called from exome sequences of all cases through bioinformatics analysis. To determine if any of these five families carried BRCA mutations, we searched the entire variants and identified 18 variants in BRCA1 and 20 variants in BRCA2. Based on Breast Cancer Information Core (BIC) and ClinVar databases, none of the variants Table) . We also searched the variants affecting 160 cancerrelated genes (https://dnapittcrew.upmc.com/db/hsa.php), and identified three coding-change variants affected RECQL4, a DNA helicase involved in DNA replication and repair and known to relate with breast cancer [25] . However, the homozygote G-del variant was present in all ten cancer-affected and seven cancer-unaffected cases, the C to T variant was present in an affected and an unaffected members in family 4, and the G to A variant was present in one affected and two unaffected members in family 1. A C to T variant was also identified in RRM2B, a gene involved in a TP53-dependent DNA repair process. This variant was present in one affected and two unaffected members in family 5. None of the variants were predicted to damage the function of RECQL4 and RRM2B. Therefore, these variants were unlikely the potential predisposition but the normal variation in these families (S2 Table) . The lack of pathogenic variants in BRCA1, BRCA2 and other predisposition genes indicates that these five families are all BRCAx breast cancer family [15] .
Removal of Egyptian-specific normal polymorphism
The total variants called from the exome sequences were filtered from the normal population polymorphisms from 1000 Genomes and NHLBI Exome Sequencing Project (ESP6500). As the Egypt genomic variation data were not well represented in public databases, the remaining 168,009 variants were further filtered against the 1,422 Egyptian-specific normal variant data derived from Egyptian genome study [21, S3 Table] . This step eliminated 307 Egyptian-specific normal variants, of which 13 were coding-change variants (Fig 2) . From the remaining variants, we identified 421 rare, coding-change variants in the five families (S4 Table) .
Comparison of variants between Egypt and Caucasian BRCAx familial breast cancer cases
We compared the 421 coding-change variants with these from 24 Caucasian BRCAx cases we identified previously by exome sequencing [17, S5 Table] . Despite the fact that the 18 cases were from five families and the 24 cases were the probands representing 24 families, the number of variants in Egyptian cases (421 variants) was much larger than these in the Caucasian cases (237 variants). There were 149 variants shared between the two groups, but these shared variants accounted for only 35.4% of the total variants in Egyptian group comparing to 62.8% in the Caucasian group. The information indicated that the coding-change variants in Egyptian BRCAx familial breast cancer families were more heterogeneous than in the Caucasian BRCAx familial breast cancer families (Fig 3) .
Identification of damaging variants in each family
Damaging variants were predicted from the coding-change variants using SIFT and Polyphen2 programs. Those only present in a single case in each family were removed to avoid individual differences, and the remaining ones were present in at least two breast cancer-affected members in each family. The inclusion of unaffected family members aimed to know the status of the damaging variants identified in the cancer-affected members in the family: negative implies they did not carry the potential risk imposed by these damaging variants, positive implies they carried the potential risk considering that they were all at the age of younger than 50 year old. Specific conditions used in each family were:
Family 1: a variant must be shared between both affected sisters, but is not required in either unaffected daughters;
Family 2: a variant must be shared in the affected mother and daughter 1, but is not required in the unaffected daughter 2;
Family 3: a variant must be shared between the two affected sisters, but is not required in the unaffected daughter; Family 4: a variant must be shared between the affected mother and daughter, but is not required in the unaffected daughter;
Family 5: a variant must be shared between the affected sister 1 and sister 2, but is not required in the unaffected sisters 3 and 4.
A total of 26 distinct damaging variants were identified from the five disease families, of which 19 (73.1%) were known variants in the dbSNP database, 22 (84.6%) were nonsynonymous single nucleotide variants, 25 (96.2%) were heterozygous (Table 3) . These variants were distributed at the frequencies of 4 to 9 per family. None of these variants was listed in the ClinVar database (Tables 3 and 4) .
The 26 damaging variants affected 23 genes. The variants-affected genes are distributed in various functional categories, including RNA binding (NBPF10, PABPC3), transcriptional regulation (ZNF750), extracellular matrix (CHST15), structural protein (NPIPB11, GRIP1, CFAP46), and signal transduction (PDE4DIP, PHIP). As the examples, copy number change in NBPF10 is associated with multiple developmental and neurogenetic diseases, PABPC3 is involved in regulation of mRNA stability and translation initiation, and NPIPB11 is involved Frameshift substitution 1 (3.8) in forming nuclear pore complex. None of these genes are involved in DNA damaging repair pathways, in which the predisposition genes are traditionally considered to be located. Several variant-affected genes affected a few pathways mostly involved in housekeeping function. Whether any of these variant-affected genes can be predisposition gene candidates remains to be determined (Table 4, S4 Table) . Two homozygous damaging variants were present in CHST15 and NPIPB11. The variant rs746518074 in CHST15 was present in two affected members in Family 1, and the novel variant in NPIPB11 was present in both affected and unaffected members in families 2, 3, 4 and 5. CHST15 is an extracellular matrix component [26] , and NPIPB11 has unknown function. The high frequency of the novel variant in NPIPB11 suggests that this variant is likely to be a normal homozygous polymorphism in Egyptian population. Little evidence exists for the roles of CHST15 and NPIPB11 in genetic predisposition in familial breast cancer.
We also compared the variant-affected genes with the mutation data from The Cancer Genome Atlas (TCGA) study [27] . Although none of the 825 breast cancer cases were marked as familial breast cancer cases, 49 germline mutations in the classical predisposition genes of ATM, BRCA1, BRCA2, BRIPi, CHEK2, NBN, PTEN, RAD51C and TP53 were identified in 47 of 507 blood samples paired with breast cancer cases. None of the same variants were present in the Egyptian families we analyzed.
Discussion
Decades' study has well concluded that genetic predisposition plays the major roles in the development of familial breast cancer. As demonstrated by the extensive BRCA study, identification of the predisposition is essential for early diagnosis and prevention of breast cancer as it allows frequent monitoring the carrier health for early sign of the disease, blocking the tumorigenesis process by using chemo-prevention including tamoxifen and poly (ADP-ribose) polymerase (PARP) inhibitors, and applying preventive surgery to remove cancer susceptible tissues. Due largely to the scientific and economic advantages, current knowledge of genetic predisposition are largely derived from the developed countries of European and North American populations. Increased data from recent studies in Latino, Africa, and Asia populations demonstrate that genetic predisposition for familial breast cancer can be ethnic-specific in reflecting human evolution and geographic differences [4] [5] [6] [7] [8] [9] [10] . Without the information from different ethnic populations, our understanding of genetic predisposition for familial breast cancer will remain incomplete; and relying on the existing information as the solely references is not adequate to identify the patients from other ethnicities.
The Egyptian population has many unique genetic features developed during its evolution history and specific geographic location across Asian and African continents. Our study selected Egypt breast cancer families as a model to test if the genetic predisposition in populations of this area is the same as, or similar to, or very different from existing data of other ethnic populations. Our study showed the absence of mutations in BRCA1, BRCA2, and other classical predisposition genes, and the presence of the damaging variants in genes not involved in DNA damage repair in Egyptian patient families. We consider that the genetic predisposition in Egyptian familial breast cancer can be substantially different from the ones currently known from other ethnic populations.
Our study analyzed only five disease families. It is known that many predispositions are rare in the disease population. A possibility exists that certain known predispositions in the classical genes could be present in Egyptian familial breast cancer population but not detected due to the size limitation. Other possibility could be that the predisposition is located in noncoding region of the genome, which cannot be detected by exome sequencing method. 
Conclusions
Our study provides proof-of-principal evidence for the presence of specific genetic predisposition for familial breast cancer in Egyptian patients, and supports a scale-up study to characterize substantial numbers of disease families from local population in order to determine the nature of Egypt-specific predispositions in this population. 
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